Background: There remains a compelling biological rationale for both reamed and unreamed intramedullary nailing for the treatment of tibial shaft fractures. Previous small trials have left the evidence for either approach inconclusive. We compared reamed and unreamed intramedullary nailing with regard to the rates of reoperations and complications in patients with tibial shaft fractures.
healing and decrease the risk of infection. Reamed nailing with use of larger nails, while destructive to the endosteal blood supply, affords greater stability [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . A number of prospective, randomized controlled trials have compared the effects of reamed and unreamed intramedullary nailing of lower extremity fractures. Meta-analyses of these trials have suggested large reductions in the risk of nonunion, or failure of the fracture to heal, in association with the use of reamed intramedullary nailing (relative risk, 0.44; 95% confidence interval, 0.21 to 0.93) 3, 4, 17, 18 . Nevertheless, methodological limitations, including lack of concealment, blinding, and standardization of care, have left the efficacy of reamed intramedullary nailing uncertain.
This trial was designed to compare the effects of reamed and unreamed intramedullary nailing approaches. To overcome the limitations of previous studies, the design involved concealed central randomization, blinded adjudication of outcomes (i.e., independent committee review of all primary outcome events), and disallowing reoperation before six months. The present report describes the trial's primary outcome: reoperation and/or autodynamization before one year.
Materials and Methods

Study Design
O ne thousand three hundred and thirty-nine patients were enrolled in the present trial from July 2000 to September 2005 across twenty-nine clinical sites in Canada, the United States, and The Netherlands. The latest follow-up occurred in September 2006, and final outcomes adjudication was completed in January 2007. The human subjects committees (REB#99-077-Research Ethics Boards/Institutional Review Boards) approved the standardized protocol at each participating site. The study was registered at ClinicalTrials.gov (identifier: NCT00038129). We provide a summary of the methods. A full report of the methodology of the SPRINT (Study to Prospectively Evaluate Reamed Intramedullary Nails in Patients with Tibial Fractures) trial has been published previously 19 . Participating investigators randomized patients by accessing a twenty-four-hour toll-free remote telephone randomization system that ensured concealment. Randomization was stratified by the center and the severity of soft-tissue injury (open, closed, or both open and closed) in randomly permuted blocks of 2 and 4. Patients and clinicians were unaware of block sizes. Patients with a bilateral fracture were assigned the same treatment for both fractures. Patients were allocated to fracture fixation with an intramedullary nail following reaming of the intramedullary canal (the reamed nailing group) or with an intramedullary nail without prior reaming (the unreamed nailing group).
All patients received postoperative care according to the same protocol. The study investigators hypothesized that the benefits of reamed nailing suggested by the previous literature may have been due to a lower threshold for early reoperation in patients managed with unreamed nailing. We therefore disallowed reoperations within the first six months following surgery. Exceptions to the six-month rule included reoperations performed because of infections, fracture gaps, nail breakage, bone loss, or malalignment. Patients, outcome assessors, and data analysts were blinded to treatment allocation. We identified reoperations at each follow-up visit, including at the time of hospital discharge, two weeks after discharge, six weeks postoperatively, and three, six, nine, and twelve months postoperatively.
Eligibility
Eligible men or women were skeletally mature and had sustained a closed or open fracture of the tibial shaft (Tscherne Type 0 to 3, Gustilo Type I to IIIB) [20] [21] [22] [23] that was amenable to operative fixation with an intramedullary nail. Inclusion required informed consent. We excluded patients with fractures that were not amenable to either reamed or unreamed intramedullary nailing techniques, those with pathologic fractures, and those who were likely to have problems with maintaining follow-up.
A blinded Outcomes Adjudication Committee adjudicated the eligibility of any randomized patient who did not receive an intramedullary nail; we excluded patients from the final analysis if it was not feasible for them to have received either type of nail. All patients were followed for one year after the time of injury.
Interventions
In the reamed nailing group, intramedullary reaming was conducted over a guidewire with use of cannulated power reamers. All surgeons adhered to the same protocol. First, the surgeon reamed the intramedullary canal until the first detection of ''cortical chatter,'' forming the basis for the nail diameter. Following the appearance of ''cortical chatter,'' the surgeon reamed 1 to 1.5 mm larger than the chosen nail's diameter.
In the unreamed nailing group, the surgeon inserted the nail, without reaming, across the fracture site, with particular attention being paid to the prevention of overdistraction and the achievement of cortical contact of the fracture ends. An upper diameter limit of 10 mm and a nail measuring at least 2 mm less than the diameter measured at the isthmus of the tibia on anteroposterior and lateral radiographs were stipulated.
In both groups, the study required interlocking of all nails, both proximally and distally, as well as the use of at least one proximal locking screw and one distal locking screw.
Standardization of Care for Closed and Open Fractures
To ensure similar perioperative regimens, participating centers standardized key aspects of preoperative and postoperative care for both closed and open fractures.
Closed fractures. First, preoperative antibiotic administration was continued for twenty-four hours postoperatively; specific antibiotic regimens (e.g., gram-positive coverage) were at the discretion of the operating surgeon. Second, cortical contact of the fracture ends guided weight-bearing. If cortical contact was achieved, the patient was allowed to bear weight as tolerated. However, if cortical contact was not achieved, the patient was allowed to partially bear weight on the affected limb until a definitive procedure to achieve contact was performed. Third, dynamization of the nail was allowed prior to six months only if the fracture was distracted following nail insertion. Fourth, participating surgeons did not offer stimulation modalities to promote bone growth (such as ultrasound and electrical stimulation) during the one year of follow-up.
Open fractures. First, preoperative intravenous antibiotic administration included a cephalosporin and an aminoglycoside, which were continued for seventy-two hours postoperatively. Specific antibiotics were used at the discretion of the attending surgeon. The recommended guidelines included intravenous administration of cephalosporin (Ancef [cefazolin]) for Gustilo Type-I and II injuries; intravenous administration of Ancef and aminoglycoside (gentamicin) for Type-III injuries; and intravenous administration of Ancef, intravenous administration of gentamicin, and intravenous administration of penicillin for gross contaminated injuries. Second, copious irrigation and débridement of soft tissues and contaminated bone was repeated as necessary. Third, delayed wound closure, split-thickness skin-grafting, or reconstruction with muscle flaps (for Type-IIIB injuries only) was performed by seven days following the initial surgery. Fourth, the protocol regarding weight-bearing, dynamization, and the use of stimulation modalities was the same as that for closed fractures.
Outcomes
We originally defined the primary outcome as a composite including bone-grafting, implant exchange or removal because of a broken nail or deep infection, and débridement of bone and soft tissue because of deep infection. The Centers for Disease Control criteria were used to categorize deep infections.
Ineligible events included reoperations planned at the time of the initial surgery and reoperations to promote healing at the site of fractures with a gap of ‡1 cm after the initial intramedullary nail fixation.
After the first interim analysis in January 2003, when 332 patients had been enrolled, the event rate was substantially lower (13%) than anticipated on the basis of our review of previous studies (32%). In response, we proposed, and both the Data Safety and Monitoring Board and the primary funding agency (Canadian Institutes of Health Research) accepted, adopting an expanded primary composite outcome that included dynamization of the fracture (i.e., interlocking screw removal to allow fracture-site compression with weightbearing) in the operating room or in the outpatient clinic; removal of locking screws because of hardware breakage or loosening; autodynamization (spontaneous screw breakage leading to dynamization at the fracture site prior to healing); fasciotomy; and drainage of hematomas.
The criteria for undertaking bone-grafting included (1) a fracture gap of ‡1 cm and at least 50% circumferential bone loss at the fracture site or (2) failure of progression of fracturehealing for at least two months, accompanied by clinical symptoms of delayed union (pain, difficulty with weight-bearing). The criteria for exchange intramedullary nailing included (1) a fracture gap of ‡1 cm and at least 50% circumferential bone loss 24 or (2) failure of progression of fracture-healing for at least two months, accompanied by clinical symptoms of delayed union (pain, difficulty with weight-bearing). 
Follow-up
We assessed reoperation rates prior to hospital discharge and at the time of follow-up visits. An Adjudication Committee including five orthopaedic traumatologists, a clinical trialist, and the study statistician (M.B., G.G., D.S., M.S., P.T. III, E.H.S., S.D.W.), blinded to allocation, adjudicated all outcomes. The committee resolved disagreement through discussion. All centers sent digital photographs of the required radiographs to the SPRINT Methods Center via e-mail. In addition, site coordinators mailed all relevant hospital records. All relevant blinded patient records (DataFax [Hamilton, Ontario, Canada] case report forms, chart notes, and radiographs) were posted on a specially designed, and password-protected, Internet website for adjudication. We were concerned that the size of the nail would be sufficient to unmask the allocation of treatment as the nails used for unreamed fixation are smaller in diameter. To mask the allocation of treatment, we photo-edited to crop the digital radiograph to include only the fracture site.
For fractures that surgeons reported to have <50% cortical contact between the fracture ends, all adjudicators determined the fracture gap. For all suspected study events, adjudicators judged the size of the fracture gap, whether the reoperation was planned or unplanned, the appropriateness of reoperation, and whether the suspected study event was an actual study event. Any disagreements were resolved by means of a conference call. If the adjudicators could not reach consensus, additional information was requested from the participating site to clarify areas of uncertainty. All decisions made by the committee were final.
At the time of trial close-out, we visited all participating sites and conducted a site audit to identify any missed events. All radiographs were reviewed to confirm broken-screw events.
Sample Size
Our original target sample size of 900 patients (450 per treatment arm) was based on two-sided significance testing 
with a = 0.05. The original sample size had a power of 80% to detect a relative risk of 0.80 for event rates as low as 25%. We planned a single interim analysis after 300 patients had completed one year of follow-up and with use of an O'Brien-Fleming stopping rule. This statistical stopping rule was used to determine the significance level for the interim analysis. We set the significance level at 0.0006 for our interim analysis, thus maintaining a significance level of 0.05 for the final analysis. After the interim analysis of 332 enrolled patients who had been followed for one year (performed in January 2003), the lower-than-anticipated event rates led to an upward revision of the target sample size to 1200 patients (600 per arm). The sample size was based on the expanded definition of reoperation and ensured >80% power for a relative risk of 0.63 for event rates of >13%. To ensure 1200 patients with full follow-up, we enrolled 1339 patients.
Statistical Analyses
Our primary analysis included only patients for whom complete one-year follow-up data were available. We excluded patients with no follow-up data to avoid assumptions about outcome rates among patients who were lost. We further analyzed patients in the arm to which they originally had been randomized, regardless of which treatment they received, according to the intention-to-treat principle.
We compared the proportion of patients with a reoperation in the reamed nailing group with the proportion of patients with a reoperation in the unreamed nailing group at one Results of subgroup analysis.
year of follow-up with use of a Mantel-Haenszel stratified analysis. We stratified according to center and whether the fracture was open or closed. We compared the occurrence of not only the primary composite outcome but also each component of that composite in the two groups. Additional analyses, employing log binomial regression, controlled for the influence of patient and surgical factors that were hypothesized a priori to be associated with the risk of reoperation. The results of the stratified analyses were similar to those of the adjusted analyses; we present only the former.
Subgroup analyses were conducted with use of tests for interactions; all were specified a priori. Our subgroup analysis of primary interest was the comparison between open fractures and closed fractures. Additional subgroup hypotheses included the impact of treatment in patients with multiple trauma as compared with those with isolated fractures; OTA classification 22 type C as compared with types B and A; operations performed by surgeons as compared with fellows and residents; and fracture gaps of >1 cm as compared with <1 cm as compared with no gap.
The Steering and Writing Committees developed and recorded two interpretations of the results on the basis of a blinded review of the primary outcome data (treatment A compared with treatment B), with one assuming that A was the reamed nailing group and another assuming that A was the unreamed nailing group. The Writing Committee deliberated before data analysis to determine the key analyses and presentation format for the primary SPRINT publication.
Results
Eligibility
O f the 2974 patients who were screened for eligibility, 1319 were randomized in the study; of these, 1226 (93%) completed the final one-year follow-up visit and were included in the analysis (Fig. 1) . The characteristics of the patients who were lost to follow-up were similar to those of the patients who were followed for one year (see Appendix). More patients who were allocated to the unreamed nailing arm underwent reamed nailing than the reverse (fifty-five compared with eight; p < 0.001). Overall, the management of 96% of the patients adhered to key aspects of the protocol with regard to the use of proximal and distal interlocking screws, the use of perioperative antibiotics, the use of intramedullary nail fixation, and the guidance of weightbearing status on the basis of cortical continuity after nailing.
Patient Characteristics
Included patients were predominantly male, white, and involved in motor-vehicle-related accidents (Table I) . Open fractures represented 33% of the total (Table II) . The two groups were similar *The values are given as the number of patients. †Relative risks are based on a stratified proportions analysis. The 95% confidence interval is given in parentheses. ‡Bone-grafting in a patient with full cortical continuity, implant exchange for union in a patient with full cortical continuity, implant removal for union in a patient with full cortical continuity, reoperation in response to a local infection, bone-grafting in a patient with a fracture gap of <1 cm, implant exchange in a patient with a fracture gap of <1 cm, implant removal in a patient with a fracture gap of <1 cm, dynamization in a patient with a fracture gap of <1 cm, removal of locking screws due to hardware breakage or loosening of screws, treatment of wound necrosis in the presence of infection, fasciotomy for the treatment of intraoperative compartment syndrome, fasciotomy for the treatment of postoperative compartment syndrome, autodynamization (failure of the screw-bone construct [i.e., broken or bent screws] that dynamizes the fracture), draining of a hematoma, failure of the construct (broken nail). §Infections that were treated nonoperatively.
with respect to key prognostic variables (Table I ). The groups also were similar with regard to aspects of the operative procedure, including the nail manufacturer and the antibiotic protocol, and with regard to postoperative weight-bearing (see Appendix).
Primary Composite Outcome: Reoperation and/or Autodynamization within One Year
One hundred and five patients (16.9%) in the reamed nailing group and 114 patients (18.9%) in the unreamed nailing group experienced a primary outcome event (relative risk, 0.90; 95% confidence interval, 0.71 to 1.15; p = 0.40). Reoperations to promote fracture-healing were performed in 106 patients; fiftyseven (4.6%) of all 1226 patients underwent implant exchange or a bone-grafting procedure because of nonunion. Forty-eight (45%) of the 106 patients (including twenty-three in the reamed nailing group and twenty-five in the unreamed nailing group; p = 0.97) had a reoperation before six months. The treatment effect differed across subgroups only between closed and open fractures (test for interaction, p = 0.01) (Fig. 2) . Therefore, we present the results separately for closed and open fractures.
Primary Events in Patients with Closed Tibial Shaft Fractures
One hundred and thirteen patients with a closed tibial shaft fracture (13.7%; 95% confidence interval, 12% to 16%) underwent a reoperation within the first year. Of the patients with closed fractures, forty-five (11%) of 416 in the reamed nailing group and sixty-eight (17%) of 410 in the unreamed nailing group experienced a primary event (relative risk, 0.67; 95% confidence interval, 0.47 to 0.96; p = 0.03). This difference was largely due to differential rates of dynamization, particularly autodynamization (Table III) .
Primary Events in Patients with Open Tibial Shaft Fractures
One hundred and six patients with an open tibial shaft fracture (26.5%; 95% confidence interval, 22% to 31%) underwent a reoperation or autodynamization within the first year. Of the patients with open fractures, sixty (29%) of 206 in the reamed nailing group and forty-six (24%) of 194 in the unreamed nailing group experienced a primary event (relative risk, 1.27; 95% confidence interval, 0.91 to 1.78; p = 0.16) (Table IV) .
Adverse Events
Eighteen patients died, nine had a deep venous thrombosis, seven had a pulmonary embolus, and one had sepsis. Significantly more deaths occurred in the reamed nailing group than in the unreamed nailing group (fourteen compared with four; p = 0.03). In the reamed nailing group, the causes of death included cardiorespiratory complications (six patients), major *The values are given as the number of patients. †Relative risks are based on a stratified proportions analysis. The 95% confidence interval is given in parentheses. ‡Bone-grafting in a patient with full cortical continuity, implant exchange for union in a patient with full cortical continuity, implant removal for union in a patient with full cortical continuity, reoperation in response to a local infection, bone-grafting in a patient with a fracture gap of <1 cm, implant exchange in a patient with a fracture gap of <1 cm, implant removal in a patient with a fracture gap of <1 cm, dynamization in a patient with a fracture gap of <1 cm, removal of locking screws due to hardware breakage or loosening of screws, treatment of wound necrosis in the presence of infection, fasciotomy for the treatment of intraoperative compartment syndrome, fasciotomy for the treatment of postoperative compartment syndrome, autodynamization (failure of the screw-bone construct [i.e., broken or bent screws] that dynamizes the fracture), draining of a hematoma, failure of the construct (broken nail). §Infections that were treated nonoperatively.
head injury (five), sepsis (two), and suicide (one). In the unreamed nailing group, the causes of death included cardiorespiratory complications (two patients), major head injury (one), and suicide (one). Blinded adjudicators classified all deaths as unrelated to the intramedullary nailing procedure.
Discussion
T his trial of 1226 patients with fractures of the tibial shaft demonstrates a substantially lower reoperation rate as compared with those reported in previous studies (see Appendix) .
We identified a decrease in the rate of combined end points of surgical intervention and autodynamization in association with reamed intramedullary nailing in patients with closed fractures. This difference was largely due to differences in the rate of dynamization, particularly autodynamization (Table  III) . We found a nonsignificant increase in the combined end point rate in association with reamed intramedullary nailing in patients with open fractures.
The strengths of the present study included a large sample size; multiple participating surgeons and centers; strategies to reduce bias that included centralized randomization that ensured concealment; blinding of patients and data analysts; independent, blinded adjudication of eligibility and of outcome; and a proscription of reoperation for nonunion before six months.
The subgroup effect in open as compared with closed fractures meets most criteria for a credible subgroup analysis 25 . We generated the hypothesis a priori and found a large and significant (p = 0.01) difference in effect size in this withinstudy comparison. Although the hypothesis was one of a number tested, it was the subgroup hypothesis of primary interest as reflected in our decision to stratify randomization according to open as compared with closed fractures. The interaction is biologically plausible because preservation of the endosteal blood supply may be more important in open than in closed fractures.
The present trial had several limitations. Participating surgeons had relatively more experience with the reamed nailing approach: a survey of 139 study investigators (seventyfour of whom responded) demonstrated that, in the year before the trial started, they had performed a median of twelve reamed procedures and a median of two unreamed procedures 26 . The much larger number of patients who crossed over from unreamed to reamed nailing as opposed to crossing over from reamed to unreamed (fifty-five as compared with eight) suggests that a differential expertise bias may have played a role in our study. To the extent that surgeons had superior skills in reamed nailing, our results are biased against the unreamed nailing procedure. The actual nail sizes differed by only 1 mm between the unreamed and reamed nailing groups. Whether this reflects a change in practice toward the insertion of larger canal-filling nails without reaming is debatable; however, it may account to some extent for the lack of differences between treatment groups.
Our inability to blind surgeons risked further bias. Of the survey respondents, 87% believed that a reamed procedure was superior 26 . Belief in the superiority of the reamed procedure could lead to a differential threshold for reoperation. To limit the extent of surgeon bias in favor of the reamed intramedullary nailing technique, we proscribed discretionary procedures for the treatment of delayed union during the first six months after surgery. This strategy proved to be effective: although adherence to our six-month proscriptionof-reoperation rule was far from complete (55%), the number of premature procedures was virtually identical in the reamed and unreamed nailing groups.
We used a composite end point complicated by large gradients in importance to patients 27, 28 . The significant result favoring reamed nailing in the group with closed fractures was largely driven by the least important outcomes, dynamization and particularly autodynamization, which some surgeons consider to be of little importance. Of the 113 events in patients with closed fractures, seventy were dynamizations, of which forty-one were autodynamizations. We were limited in our ability to further explore screw diameter and screw breakage because this information was not collected in our SPRINT dataforms. While our focus on a composite outcome leaves us unable to claim or refute benefit for any of the components of the composite, the present trial provides little evidence of the superiority of the reamed nailing procedure for the treatment of closed fractures in terms of the more patientimportant components.
One might view our 93% rate of follow-up as a strength; five previous small randomized trials [29] [30] [31] [32] [33] lost as many as 38% of patients (average rate of loss to follow-up, 12%). We used multiple strategies in this trial to ensure maximum followup 34, 35 . On the other hand, our results are sensitive to extreme assumptions regarding the distribution of events in patients lost to follow-up.
A systematic review of the literature identified five previous meta-analyses [2] [3] [4] 17, 18 and four randomized trials (published between 1996 to 2004) [29] [30] [31] [32] comparing reamed and unreamed tibial nailing. Of the five meta-analyses, one study evaluated open fractures, two studies evaluated closed fractures, and two studies evaluated a mix of open and closed fractures.
The patients in the present study experienced much lower event rates in comparison with those in previous randomized controlled trials. Surgeons in the present study substantially reduced the use of bone-grafting and implant exchanges (5% compared with 10.6%) and dynamizations (5% compared with 13.2%) (see Appendix). Explanations for the substantially reduced event rate in the present study include standardization and thus optimization of perioperative care and disallowing reoperation before six months. The lower rates of screw failure and subsequent autodynamization in the present study are likely a reflection of implant improvements since 1996.
Our finding of fewer dynamizations, and fewer autodynamizations, in association with reamed nailing of closed fractures is strongly supported by those of previous studies. In two studies that evaluated closed fractures 32, 33 , differential rates of dynamizations represented 56% and 69% of the total events, with no significant differences being seen in terms of major reoperations such as bone-grafting procedures, implant exchanges, or procedures performed for the treatment of infections.
The magnitude of the effect favoring reamed nailing for the treatment of closed fractures is considerably less in the present study than in previous studies, and we found a nonsignificant increase in events in association with reamed nailing of open fractures. The most likely explanation for this difference is the much more rigorous design of the current study. Previous investigators did not use central randomization (raising serious questions about concealment of the treatment allocation 36 ), did not utilize central blinded adjudication, and did not blind the data analysis. Finally, and perhaps most importantly, they made no effort to avoid differential criteria for reoperation in the reamed and unreamed nailing groups.
Our results have important implications for clinical practice. First, they suggest that surgeons may reduce operations by allowing increased time for these fractures to heal. Second, to the extent that patients and clinicians see dynamization as important, the results support the use of reamed nailing for closed fractures. The optimal nailing technique for open fractures remains uncertain.
